Many methods are now available for achieving selective inhibition of cellular division among a variety of microorganisms. A few reports are available presenting analyses of the composition of bacterial cells grown in the absence of cell division. It was shown by Nickerson and Sherman (1952) with Bacillus cereus that homogenous populations of greatly elongated cells (devoid of interior partitions) could be obtained by the magnesium-deficiency technique of Webb (1948) in crop yields nearly identical with normal, control cultures. Furthermore, the total nitrogen per unit weight was identical in filamentous and normal cells. The RNA3 content of filamentous cells of B. cereus was shown to be similar to that of normal cells and Webb (1953) has shown the RNA and DNA3 contents per "unit cell" of normal and filamentous cells of Clostridium welchii to be closely similar. In the latter work, results achieved with the Feulgen staining technique accorded well with the analytical data for DNA content, i. e., Feulgen positive elements were spaced at "unit cell" intervals along the length of a filamentous cell.
In the work reported in the present paper, low concentrations of certain folic acid analogues are shown to inhibit division to a greater extent than they inhibit growth. Filamentous Cambridge, England. 3 The following abbreviations are used in this paper: RNA (ribonucleic acid), DNA (deoxyribonucleic acid), PGA or FA (pteroylglutamic acid = folic acid), CoF (coenzyme form of folic acid), AM or 4-amino PGA (aminopterin), and AAF (aminoan-fol = 4-aminopteroylaspartic acid).
ble Feulgen positive elements and had a significantly lower content of DNA than control cells. The inhibitory action of certain of the folic acid analogues has been reversed by various chemical agents. In some instances a remarkable development of greatly elongated filamentous cells was obtained, but the cells, despite their good growth, were still markedly lower in DNA content than normal cells.
MATERIALS AND METHODS
A description of the cultures, microbiological methods, and folic acid analogues4 employed in this study has been given in the paper of Nickerson and Webb (1956) . Determinations of nucleic acid were carried out according to a modification of Schneider's (1945) procedure on cells harvested from aliquots of the different cultures in the various liquid media. The cells were first thoroughly washed with water, extracted with ethanol, dried with ethanol and ether, and the dry residues then extracted, first with 10 per cent perchloric acid (3 X 6 ml portions) at 0 C and followed by 5 per cent perchloric acid (3 by 5 ml portions) at 90 C. Deoxypentosenucleic acid was measured in the second (hot) extract by the method of Dische (1930) and the pentonucleic acid or pentonucleotide contents of the hot and cold perchloric acid solutions were determined by the method of Euler and Hahn (1946) .
RESULTS
Reversion of the inhibitory effects of aninopterin on Candida tropicalis. The effects of various substances-folic acid, leucovorin (formyltetrahydro PGA3), thymine and amino acids on the growthinhibitory action of aminopterin on C. tropicalis are summarized in figure 1 and in Figure 1 . Growth of Candida tropicalis in chemically defined medium with additions as indicated in figure. Substantial reversal of 10-4 M aminopterin (AM) inhibition by 10-3 M folic acid can be seen (curve C), whereas 10-3 M thvmine (curve D)) and 10-3 M glycine (curve E) were ineffective.
(leucovorin) are effective in bringing about substantial reversal of the inhibitory effect of aminopterin (table 1) figure 1 . It is apparent also that both folic acid and formylfolic acid (Nickerson and WVebb, 1956 ) of the effect of the complexity of growth medium on the action of PGA analogues, and from the observation of Woods (1953a) , implicating PGA in the biosynthesis of certain amino acids in bacteria.
Reversion of the inhibitory effects of folic acid analogues on Escherichia coli. It was shown in the paper of Nickerson and Webb (1956) has also been found that different antagonists of PGA analogue inhibition may be highly effective with one organism, and completely ineffective with another. This feature is strikingly brought out with folic acid. Whereas PGA brings about substantial reversal of the growth inhibition caused by 4-amino PGA on C. tropicalis, folic acid is without effect on 4-amino analogue inhibition of E. coli (figure 3). Similarly, leucovorin (2 X 10-4 M) and p-aminobenzoic acid (10-3 M) are unable to alleviate inhibition of growth in t Final concentration 10-3 M. E. coli cultures due to 4-amino PGA or 4-amino pteroylaspartic acid (amino-an-fol). On the other hand, thymine and certain amino acids (including glycine, serine, L-asparagine, and histidine), particularly at higher concentrations, partially overcome inhibition due to 4-amino PGA with E. coli (figure 2, table 2). With C. tropicalis, thymine and amino acids exhibited very little reversal of growth inhibition due to 4-amino PGA.
Antagonism of folic acid analogue inhibition of Bacillus megaterium. Growth inhibition in cultures of B. megaterium by aminopterin or aminoan-fol was not reversed by folic acid or leucovorin over a range of concentrations. Substantial reversal of the inhibition was attained in the presence of thymine; concentrations of 5 X 10-4, 2.5 x 10-4, and 5 X 10-5 M, for example, overcame the effects of 10-4 M concentrations of aminopterin and amino-an-fol to the extent of 68.8, 43.1, and 37.2 per cent and 93.6, 86.1, and 28.2 per cent respectively, after 72 hours at 28 C.
As with E. coli, the deoxyribonucleotide, thymidine, was less effective than thymine in reversing the growth inhibition.
Reversal and enhancement of effect on cellular division of analogues that inhibit both growth and division. Although thymine and other active compounds, even at the highest concentrations, Figures 6 and 7. Escherichia coli from culture grown for 36 hr at 28 C in the presence of 5 X 1O-5 m aminopterin (figure 6) and in the presence of aminopterin plUS 5 X 10-4 m thymine (figure 7). Generalized low basophilia of filamentous cells; in figure 7, cells of nearly normal size, but of low basophilia with chromatinic material condensed into small volume. tory action of aminopterin or amino-an-fol on variations in E. coli cultures, when added to-E. coli, the presence of these substances had a gether with aminopterin or amino-an-fol, enmarked influence on the associated morphological hanced the formation of filaments and gave rise changes (figures 4 to 7). Glycine and histidine, to populations composed entirely of tangled which alone failed to induce any morphological skeins of filamentous cells. FoliPãcid. glutamic 1956] acid, and asparagine appeared without effect upon the production of filamentous cells, whereas thymine completely reversed, and serine partially reversed, the inhibitory action of these analogues on the cell division of E. coli. Cultures grown in the presence of aminopterin (5 X 10-5 M) and thymine (10-3 or 5 X 10-M), for example, gave rise to cell populations composed entirely of cells of normal size (compare figures 6 and 7). Thy- Reversal and enhancement of a PGA analogue that selectively inhibits cellular division. 10-Methylaminopterin (10-methyl-4-amino PGA) is an analogue of PGA which, as previously shown (Nickerson and Webb, 1956) , has little or no bacteriostatic activity against E. coli and yet readily induces the formation of filamentous cells. Thymine completely reversed this selective inhibition caused by 10-methylaminopterin, and partial reversal was achieved by high concentration of serine, whereas the production of filaments in cultures containing this analogue was enhanced by the addition of either glycine or histidine.
Cells of E. coli grown in the presence of the above folic acid analogues and thymine or serine while entirely, or mainly of normal size, however, still exhibited a generalized poor affinity for basic dyes, and contained small, localized basophilic granules, or "areas" (figure 7), both of which conditions were characteristic of the filamentous forms (figure 6). Ogur, Minckler, Lindegren, and Lindegren, 1952 The formation of filaments in cultures of E. coli containing low concentrations of the folic acid analogues appears to be accompanied by an inhibition of the division of the nuclear elements. Nuclear structures can not be demonstrated clearly in the filamentous cells by the usual cytological procedures (Nickerson and Webb, 1956) , and chemical analysis indicates a decrease in deoxyribonucleic acid content as a result of growth in the presence of the analogues (table  3) . Presumably, inhibition of cell division in cultures of other bacteria and yeasts is accompanied by similar changes in DNA content, (although the figures presented above for the ratio RNA/DNA in S. cerevisie and C. tropicalis celLs harvested from aminopterin-treated cultures do not show in themselves significant variations from the normal values). Variations in DNA content, comparable to those recorded here for E. coli, have been detected, however, in other species of susceptible bacteria exposed to folic acid analogues (Webb, unpublished data) . It must be emphasized that the data for E. coli (table 3) have been expressed through necessity as a percentage of the dry weight of the cells, a procedure which takes no account of the morphological changes. It is now apparent with microorganisms, as with other cells, that the DNA content is of greater significance when expressed per cell or "unit cell," rather than as a percentage of the dry weight (Caldwell and Hinshelwood, 1950; Mitchell and Moyle, 1951; Webb, 1953) . DISCUSSION It is known that aminopterin and 10-methylaminopterin inhibit nucleic acid synthesis in animal tissues, probably by inhibition of the incorporation of formate into the purine bases and thymine (Skipper et al., 1950 (Skipper et al., , 1952 . Moreover, this effect of aminopterin is manifest to a greater extent in the DNA than in the RNA fraction (Goldthwait and Bendich, 1952) . Similarly, the administration of aminopterin into tumor-bearing mice increases the ratio of RNA to DNA through a disproportionate reduction in the content of DNA relative to that of RNA . Thus, the fact that on a dry weight basis the DNA content of the filaments induced in cultures of E. coli by the folic acid analogues is less than that of the control cells, whereas the RNA, in general, does not seem to undergo consistent or significant variations, appears in agreement with the results obtained in higher forms. Such changes are to be expected if the analogues are assumed to block either the utilization of the coenzyme form of folic acid (CoF) or the conversion of folic acid to CoF, as suggested both by animal experiments (Goldin et ca., 1952) and with Streptococcus faecalis (Hitchings et al., 1952) and Lactobacillus arabinosum (Hendlin et al., 1953) . There is good evidence that CoF is involved in nucleic acid synthesis, particularly the synthesis of DNA, in all cells, although it is difficult at present to reconcile this conclusion with the observations of Chang et al. (1951) that Leuconostoc citrovorum grown in a medium deficient in the Citrovorum factor contains greater amounts of both DNA and RNA than do normal cells. With Lactobacillus casei, for example, growth in a semichemically defined medium deficient in folic acid leads to a marked decrease in the DNA content of the cells but does not cause any significant alteration in the amount of RNA (Prusoff et at., 1948) . The reactions considered thus far in the discussion may be summaried as in the following expression (Equation 1).
4-amino.PGA precursorinto.rAte ) thyrhin# (DNA) CoFi All the bacteria studied in this work probably belong to the third category of Jukes and Stokstad (1948) insofar as they do not require, and probably cannot utilize, preformed folic acid (see also Harvas and McGready, 1953) . In agreement with this conclusion is the experimental finding that folic acid and leucovorin are unable to counteract the effects of aminopterin or amino-an-fol on the growth and cell division of E. coli. albican., where folic acid is known to counteract the Y --M conversion induced by aminopterin (Nickerson and Mankowski, 1953) .
The reversal of the inhibitory effects of subbacteriostatic concentrations of FA' analogues on the division of E. coli, and the restoration of the DNA content to its normal level by thymine (and to a lesser extent by thymidine) suggests that analogue induction of filamentation is due to a disproportionate inhibition of DNA synthesis and consequent inhibition of the division of the nuclear elements. The fact that thymine is more effective than thymidine in overcoming the inhibitory effects of aminopterin and amino-an-fol on the growth and division of E. coli (strain B) is of interest. The nucleoside is usually considered to be more effective than the free pyrimidine base in counteracting the effects of folic acid deficiency and in reversing the effects of the analogues on bacterial growth Martin, 1951) . Indeed, Franklin et al. (1949) found that thymine had no effect upon the growth-inhibitory action of aminopterin on their strain of E. coli, whereas reversal was obtained with thymidine.
No explanation can be offered at present for the ability of serine to prevent the inhibitory action of FA analogues on the division of E. coli. Although neither the purine bases, nor the corresponding nucleotides were examined for reversing activity, the work of Franklin et al. (1949) renders it uniikely that the effects of serine can be attributed to the involvement of this amino acid in the biosynthesis of nucleic acid purines, as suggested for certain microorganisms by Dimroth and Jaenicke (1952) . It may be mentioned, that serine, at least in animal cells, may serve as a source of the formyl group necessary for the second stage in the conversion of PGA to the citrovorum factor (Jukes, 1953; Petering, 1952) . However, there is little justification for the assumption that serine functions in this way in the present instance, since it appears that AM and other 4-amino analogues, in contrast to those containing a hydroxyl group at position 4, block not only the conversion of folic acid to CoF, but also the utilization of the latter (Jukes, 1953) . In bacteria, folic acid is implicated not only in nucleic acid synthesis, but also in the biosynthesis of methionine, serine, lysine, histidine, leucine, and possibly other amino acids (Woods, 1953a (Woods, , 1953b (Woolley and Pringle, 1950; Edwards, et al., 1951 ) is similar to that occurring in the presence of sulfanilamide (Stetten and Fox, 1945) , which is known to be increased by the addition of glycine to the medium Cells of E. coli grown in the presence of analogue plus thymine were of normal morphology, whereas homogeneous populations of long filamentous cells were obtained with the analogue alone. In contrast, analogue plus glycine or histidine led to an enhancement of filamentation (as well as to somewhat better growth). Methylaminopterin caused no appreciable inhibition of growth of E. coli, but induced a massive development of long filaments. This selective inhibition of division was completely reversed by thymine (and partially by serine), whereas glycine and histidine still further enhanced filamentation.
A lowered basophilia was associated with the analogue-induced filamentation of E. coli and nuclear elements were not clearly demonstrable in the filamentous cells. Significant decreases were found in the DNA content of E. coli grown in aminopterin, dichloroaminopterin, and amino-anfol, whereas cells grown with analogue plus thymine (and, to a lesser extent, serine) showed a normal DNA content. Glycine or histidine did not prevent the analogue depression of the DNA value.
